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Abstract: Simulations of water flow in channel networks require estimated values of roughness for all the
individual channel segments that make up a network. When the number of individual channel segments is
large, the parameter calibration workload is substantial and a high level of uncertainty in estimated roughness
cannot be avoided. In this study, all the individual channel segments are graded according to the factors
determining the value of roughness. It is assumed that channel segments with the same grade have the same
value of roughness. Based on observed hydrological data, an optimal model for roughness estimation is built.
The procedure of solving the optimal problem using the optimal model is described. In a test of its efficacy,
this estimation method was applied successfully in the simulation of tidal water flow in a large complicated
channel network in the lower reach of the Yangtze River in China.
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1 Introduction
Hydraulic simulation of channel networks is frequently conducted for both natural basin
and artificial urban drainage systems. Because of their large spatial distribution areas and high
number of individual channel segments, mathematical modeling is the only feasible method of
simulating water flow in these complicated networks. Many investigators have successfully
simulated water flow in channel networks by considering them combinations of all individual
channel segments (Akan and Yen 1981; Choi and Molinas 1993; Jeffcoat and Jennings 1987;
Nquyen and Kawano 1995). In order to make the simulation methods more practical,
investigators have proposed a series of efficient techniques. To simplify simulation, all the
simulation methods treat the water flow in a channel network as one-dimensional
hydrodynamic flow, so one-dimensional Saint-Venant equations are the common governing
equations for numerical models. However, the models must be calibrated before they are used
for prediction, i.e., the roughness coefficients of all the channels composing the channel
network must be determined in advance according to the observed hydrologic data. It is well
known that accurate estimation of roughness coefficients is one of the keys to successfully
predicting water flow in channel networks. Accordingly, roughness estimation has attracted
the attention of many investigators. Becker and Yeh (1972, 1973) proposed a methodology for
parameter estimation in unsteady channel flow that uses the influence coefficient approach by
minimizing the sum of squares of differences between the observed and simulated hydraulic
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data. Fread and Smith (1978) applied a revised Newton-Raphson search technique in
estimating roughness coefficients, in which the objective is expressed as the sum of absolute
values of the differences between observed and simulated water levels and discharges.
Wasantha Lal (1995) used a singular value decomposition technique to change the model
calibration into a generalized linear inverse problem. Ramesh et al. (2000) proposed an
optimization method for estimating roughness coefficients from the observed data of unsteady
flow in multiple-reach channel networks. The proposed methods from all previous studies are
suitable for single-channel or multiple-reach channel systems. However, because the number
of parameters to be estimated equals the number of channel reaches, convergence to an
optimal solution becomes very difficult when the channel network is large and complicated
(i.e., when the number of roughness coefficients to be estimated is large).
The trial and error method is frequently used to calibrate models of large channel
networks (Han and Zhu 2001). However, the results of the calibration of coefficients are
greatly affected by the operator and are uncertain to some extent. Sometimes, different
operators obtain different simulated results with the same model and observed data. When the
number of channels and roughness coefficients to be estimated is very large, simulation is very
difficult and the workload is immense. Usually, channel roughness has a definite physical
basis. It depends on such factors as channel dimensions, bed surface roughness characteristics,
vegetation, and topography. This paper proposes that channel reaches composing channel
networks be divided into several grades based on these factors. It is assumed that channel
reaches with the same grade have the same value of roughness. The roughness value of each
grade is specified within a given range. Consequently, the number of roughness coefficients to
be calibrated decreases significantly and an optimization method can be used for calibration.
2 Hydrodynamic model
A channel network is made up of single channels. One-dimensional Saint-Venant
equations are used to describe water flow in single channels. The process of simulating water
flow in a channel network is divided into three steps. Firstly, by making different calculations
of Saint-Venant equations for each individual channel in the network, we can obtain algebraic
equations. Further eliminant calculations leave us with two equations describing the
relationship between discharge and water level at the first and last cross sections. Secondly,
according to conservation of mass, we can obtain a group of equations for water levels at all
nodes, whether they are storage or non-storage nodes. Thirdly, by solving Saint-Venant
equations for each single channel, we can obtain the values of water level and discharge at all
simulated cross sections.
2.1 Governing equations
One-dimensional Saint-Venant equations for flow in irregular channels can be expressed
as follows:
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where t is time, x is the longitudinal coordinate, Q is discharge, Z is water level, u is the mean
velocity at the cross section, n is the Manning roughness coefficient, A is the area of the cross
section, B is the breadth of the water surface at the cross section, R is the hydraulic radius, g is
the gravitational acceleration, and q is the discharge of water from both sides to the calculated
channel. Assuming that the total number of calculated cross sections of a single channel is M,
and applying a four-point implicit difference scheme to Eqs. (1) and (2) (Figure 1), the space
and time difference scheme of any variable ξ (may be Z or Q) for the sub-reach from the ith
to the (i+1)th node is expressed as follows:
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whereθ is the weight coefficient and j is the serial number of the time step.
Because the space difference scheme is implicit, the algorithm is steady unconditionally.
The following algebraic equations are obtained:
1 1i i i i i i iC Z C Z Q Q D+ ++ − + = (3)
1 1i i i i i i i i iE Q GQ FZ FZ H+ ++ − + = (4)
where coefficients Ci, Di, Ei, Fi, Gi and Hi can be calculated from channel topography and
initial values of hydrodynamics for the calculated time period. The subscript i denotes the
cross section serial number.
Figure 1 Cross section distribution in a single channel
Using the mathematical elimination method in Eqs. (3) and (4), the Eqs. (5) and (6) can
be obtained:
i i i i i MQ Z Zα β γ= + + (5)
1i i i i iQ Z Zξ ζ η= + + (6)
where coefficients iii γβα ,, , ,i iξ ζ and iη can be calculated from Ci, Di, Ei, Fi, Gi and Hi.
Eqs. (5) and (6) allow discharge at any cross section to be expressed as a function of water
levels at the cross section itself (ith) and the first (i = 1) or last cross section (i = M). Discharge
at the first and last cross sections can be written as
1 1 1 1 1 MQ Z Zα β γ= + + (7)
1M M M M MQ Z Zζ ζ η= + + (8)
Han Longxi. Water Science and Engineering, Mar. 2008, Vol. 1, No. 1, 10–17 13
Eqs. (7) and (8) allow discharge at the first or last cross section to be expressed as a function
of the water levels of the first and last cross sections.
2.2 Node water level equations
In a channel network, all single channels are linked to each other through nodes. It is
obvious that, if energy loss at the node is neglected, the water levels of all cross sections
linked to the same node are the same and equal to that of the node. Making a simple change to
the subscripts of Z in Eqs. (7) and (8) provides us with a relationship between the discharge
into or out of the node and the water level at a linked node. It is assumed that an arbitrary node,
such as the Ith node, is linked to other L (Lı1) nodes and the discharge from the Jth node
(J=1, 2,…, L) to the Ith node is expressed by QI, J (if the actual flow direction is from I to J,
the value of discharge should be negative). Applying the principle of conservation of mass to
the Ith node, the following equation is obtained:
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where superscript k is the serial number of the time step and IΩ is the storage volume of the
Ith node. If the node is a non-storage node, the right-hand-side term of Eq. (9) can be
neglected. If it is a storage node (i.e., its water surface area is large enough that it cannot be
neglected), Eq. (9) can be approximated as follows:
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where tΔ is the length of a time step and 1/ 2kIS
+ is the mean water surface area at the Ith node
and the kth time step. Eq. (10) can be applied to each node. Adding an inlet channel boundary
condition provides us with a closed group of equations, which can be written simply as
DZ = C (11)
where D = (dI, J)ThT, which is a known square matrix, T is the total number of nodes, Z is an
unknown row vector of water levels of nodes and C is a known row vector.
2.3 Solution to node equations and single channels
The water level row vector of all nodes, Z, can be obtained by solving the closed group of
Eq. (11). Finally, water level and discharge at simulated cross sections of all channels can be
calculated with one-dimensional Saint-Venant equations. While the model is being calibrated,
roughness values of all channel reaches are usually estimated from observed water level or
discharge.
3 Inverse problem on roughness
The trial and error method has typically been used to calibrate the roughness coefficients,
meaning that roughness coefficients are adjusted time and again to minimize the difference
between observed and calculated hydrologic parameters. If the number of channels composing
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the network is large, too much time will be spent on this task. Furthermore, the roughness
coefficient values are greatly subjective and uncertain due to the lack of a criterion of
convergence.
3.1 Optimal problem
It is known that the roughness coefficient correlates with characteristics, such as channel
size, section topography, bed features and vegetation. Based on these characteristics, channels
can be divided into different grades. Channels with the same grade have the same roughness
coefficient. In this way, the number of unknown parameters to be calibrated, which is now
equal to the number of grades, is greatly decreased, and it becomes possible to use an
optimization method to calibrate roughness. The complex method (Rao 1984) is a particularly
effective optimization method, and can be used to solve the following roughness coefficient
optimization problem. Assuming that the number of grades of roughness coefficients is N, they
can be denoted by a vector n:
T
1 2( , , , , , )i Nn n n n= " "n
where T denotes transposing and ni is the roughness value of the ith grade channel reach. The
least square method is used to establish an objective function, which can be written as
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where NC is the number of cross sections with observed water levels or discharges, NT is the
number of observation, subscript k is the serial number of the cross section with an observed
discharge, superscript l is the time serial number of observed discharge, and 'lkZ and
l
kZ
are the observed and calculated water levels, respectively. It is assumed that the range of the
roughness coefficients of the ith grade is ( , )i ia b , so n satisfies the following constraint
condition:
AİnİB (13)
where T1 2( , , , , , )i Na a a a= " "A and T1 2( , , , , , )i Nb b b b= " "B .
3.2 Methodology
The complex method (Rao 1984) is used to solve the optimal problem. The procedure is
as follows:
(1).A random method is used to find k points (vertices), such that kı 1N + . All
components of jth point nj, such that 1, 2, ,( ,  ,  ,  )j j j N jn n n= "n and 1,  2,  ,  j k= " , satisfy
the constraint condition in Eq. (13).
(2) Roughness values correlating with each point are input into a hydrodynamic model.
(3).The objective function is evaluated at each of the k points. If the vertex hn
corresponds to the largest function value, the process of reflection is used to find a new point
rn such that
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Because it is a constrained problem, the point rn has to be tested for feasibility. If rn is
feasible and ( ) ( )r hf f<n n , rn will replace hn and then go to step (2). If ( )rf n ı ( )hf n , a
new trial point rn is found by reducing the value of α in Eq. (14) and tested for satisfaction
of the requirement that ( ) ( )r hf f<n n . The procedure of finding a new point rn with a
reduced α is repeated, if necessary, until the value of α is smaller than a prescribed
quantity. If an improved vertex rn , such that ( ) ( )r hf f<n n , cannot be obtained even with
the small value of α , the vertex rn is discarded and the whole procedure of reflection is
repeated using the point pn , which has the second highest value, instead of hn .
(4) If at any stage, the reflected rn violates any of the constraint conditions in Eq. (13), it
is moved halfway towards the centroid until it becomes feasible, as follows:
new 0( ) 0.5( )r r= +n n n (16)
This method will progress towards the optimum point. Each time the point is replaced by
a new point, the parameters are modified. If the distances between any two vertices become
smaller than a specified size ε ( ε is chosen empirically beforehand according to the
number of parameters to be calibrated and their possible values) and the standard deviation of
the function value ( )f n is less than a specified small quantity, the convergence solution is
obtained. If, after the described steps have all been taken, ( )f n is always greater than the
specified quantity, the procedure is stopped and the final values of parameters are regarded as
the convergence solution.
4 Simulation case
The simulated region, Nantong City, is located along the lower reach of the Yangtze
River of China. The topography is relatively flat. Channels cross each other throughout the
region. Most of them are artificial. Because of the influence of the tides of the Yangtze River,
hydrodynamic features like flow direction, water level and discharge vary greatly. The
southern boundary of the simulated area is the Yangtze River, where water flows into and out
of the simulated area. The eastern boundary is the Yellow Sea, where water flows out of the
simulated area through control gates. At the western and northern boundaries, the water
exchange between interior channels and outside water bodies is controlled by a series of gates
and the flow direction constantly changes. Thus, the hydrodynamic features of the channel
network are affected by the Yangtze River, the Yellow Sea and interior water gates. After
generalizing, there are a total of 92 nodes, 145 channels and 36 boundary channels (Figure 2).
Of the boundary channels, 26 are designated water level boundary conditions and 11 are
discharge boundary conditions.
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Figure 2 Sketch of Nantong channel network
According to the dimensions and other features of the rivers, the number of roughness
grades is 4. The ranges of values are (0.015, 0.020), (0.020, 0.025), (0.025, 0.030) and (0.030,
0.035). There are 3 gauging stations that continuously obtain water levels, and that were used
to calibrate roughness and verify the hydrodynamic model. In the optimal problem, after 36
iterations, an optimal solution for the roughness of each grade is (0.019,1, 0.024,1, 0.026,5,
0.031,1). Figure 3 depicts a comparison between observed and calculated water levels in the
model verification. The calculated water levels are relatively close to the observed.
Figure 3 Observed and calculated water levels (model verification)
5 Conclusions
Because a channel network is usually spread out over an extensive area and the amount
of single channels within the network is very large, mathematical modeling is almost the only
practical tool for predicting channel network water flows. In simulating flows in a channel
network, the accuracy of estimated roughness is a key to making exact predictions. This paper
proposed a new method to estimate roughness. According to the factors determining the value
of roughness, the channel reaches are divided into several grades. On one hand, this method
allows the roughness coefficient to have a definite physical basis. On the other hand, because
of the lesser amount of parameters to be estimated, it makes calibration more convenient. The
optimal solution methodology can greatly reduce the workload of calibrating roughness
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coefficients and avoid the uncertainty of the trial and error method. In the application case, the
proposed method of roughness estimation was successfully used in the simulation of water
flow in a complicated tidal channel network. Simulation results show that the proposed
method is practical.
References
Akan, A. O., and Yen, B. C. 1981. Diffusion wave flood routing in channel networks. Journal of Hydraulic
Division, ASCE, 107(6), 719–732.
Becker, L., and Yeh, W. W-G. 1972. Identification of parameters in unsteady open channel flows. Water
Resources Research, 8(4), 956–965.
Becker, L., and Yeh, W. W-G. 1973. Identification of multiple reach channel parameters. Water Resources
Research, 9(2), 326–335.
Choi, G. W., and Molinas, A. 1993. Simultaneous solution algorithm for channel network modeling. Water
Resources Research, 29(2), 321–328.
Fread, D. L., and Smith, G. G. 1978. Calibration techniques for 1-D unsteady flow models. Journal of
Hydraulic Division, ASCE, 104(7), 1027–1043.
Han, L. X., and Zhu, D. S. 2001. The pollutant source control method for network water environment
management. Journal of Hydraulic Engineering, 31(10), 28–31. (in Chinese)
Jeffcoat, H. H., and Jennings, M. E. 1987. Computation of unsteady flows in the Alabama River. Water
Resources Bulletin, 23(2), 313–315.
Nquyen, Q. K., and Kawano, H. 1995. Simultaneous solution for flood routing in channel networks. Journal
of Hydraulic Engineering, ASCE, 121(10), 744–750.
Ramesh, R., Datta, B., Bhallamudi, S. M., and Narayana, A. 2000. Optimal estimation of roughness in
open-channel flows. Journal of Hydraulic Engineering, ASCE, 126(4), 299–303.
Rao, S. S. 1984. Optimization Theory and Applications. New Delhi: Wiley Eastern Ltd.
Wasantha Lal, A. M. 1995. Calibration of riverbed roughness. Journal of Hydraulic Engineering, ASCE,
121(9), 664–671.
